Transition probabilities and radiative lifetimes have been obtained for 45 transitions of Re II using a combination of radiative lifetime values obtained with the laser-induced fluorescence technique (seven levels) and theoretical branching fractions. This new set of results, concerning ultraviolet and visible lines, will be useful in the future for investigating the composition of chemically peculiar stars.
I N T RO D U C T I O N
There have been, during the past few years, strong motivations for investigating the abundances of heavy elements in chemically peculiar stars in relation to their interest for nucleosynthesis. The highresolution ultraviolet (UV) spectra of some stars, e.g. the HgMn-type star χ Lupi (HD 141556), made available with the Hubble Space Telescope Goddard High Resolution Spectrograph (GHRS), have given a strong impulse to the analysis of the chemical composition of such stars (Wahlgren et al. 1997) .
Among the heavy elements of the periodic table, rhenium has been little investigated in stellar spectra. This is directly related to the rather poor knowledge of the energy level structures of Re I and Re II and to the lack of radiative data. In addition, many Re II lines are occurring in the far-ultraviolet region where little observational material was available until recently.
Nevertheless, rhenium has been detected in some chemically peculiar stars: Re I was observed in 73 Dra by Guthrie (1972) and in HD 25354 by Jaschek & Brandi (1972) , and Re II in HR 465 by Bidelman, Cowley & Iler (1995) . More recently, the Re II UV 1 multiplet was analysed with details by Wahlgren et al. (1997) but the weakness of the Re II feature at 227.5253 nm only allowed the determination of an upper limit to the rhenium abundance in the χ Lupi star. Up to now, rhenium has not been identified in the photospheric solar spectrum (Asplund, Grevesse & Sauval 2005) .
In the present paper we extend the set of lines usable for stellar abundance determinations by providing new atomic data for 45 UV transitions of Re II. The transition probabilities are deduced from a combination of lifetime measurements for seven levels of Re II obtained using the method of laser-induced fluorescence and theoretical branching fractions for the lines depopulating the levels of interest. These last ones have been obtained through a HartreeFock approach taking relativistic and core-polarization effects into account.
E.Biemont@ulg.ac.be This method has appeared successful in recent years for obtaining transition probabilities for many heavy atoms or ions belonging particularly to the lanthanide group (see, for example, the data base DREAM and the references therein at http://w3.umh.ac.be/ ∼astro/dream.shtml).
ATO M I C S T RU C T U R E A N D S P E C T RU M O F R E I I
Terrestrial rhenium consists of two stable isotopes 185 Re (37.5 per cent) and 187 Re (62.5 per cent), each isotope having a nuclear spin I = 5/2.
The ground-state level of Re II is 5d 5 ( 6 S)6s a 7 S 3 and the first excited experimentally determined configurations are 5d 4 6s 2 , 5d 5 ( 4 D, 6 S, 4 G)6s, 5d 6 , 5d 5 6p and 5d 4 6s6p. The most comprehensive rhenium analysis published to date is due to Meggers (1952) using arc and spark laboratory data. About 1000 classified lines of Re II have been published (Meggers, Catalan & Sales 1958) covering the wavelength range extending from 152.5 up to 1160 nm. Many of these transitions are affected by hyperfine structure effects and by isotope shifts.
Transition probabilities in Re II are very scarce. The first results were the arc measurements of Corliss & Bozman (1962) , but it is now well established that they contain large systematic errors. More recently, some lifetime measurements have been published by Wahlgren et al. (1997) and by Henderson et al. (1999) but they concern only the two z 7 P 0 2,3 levels. A compilation of wavelengths of Re II (longward of the Lyman limit) has also been proposed by Morton (2000 Morton ( , 2001 .
E X P E R I M E N TA L M E T H O D
Radiative lifetimes of seven levels belonging to the (5d+6s) 5 6p strongly mixed complex (odd parity) were measured using the timeresolved laser-induced fluorescence (LIF) technique. The experimental set-up used in the lifetime measurements has been previously C 2005 RAS Meggers et al. (1958) . b Wahlgren et al. (1997) . c 2ω and 3ω designate the second and third harmonics of the dye laser, and 2S and 2A represent the second-order Stokes and anti-Stokes components.
illustrated (see, for example, Biémont et al. 2002 Biémont et al. , 2003 Xu et al. 2003a,c,d) . The Re + ions are generated in a laser-produced plasma. The excitation radiation used in this experiment had a pulse duration of 1 ns, which was obtained by sending a frequency-doubled Nd:YAG laser with 8-ns duration into a stimulated Brillouin scattering (SBS) cell filled with pure water. These pulses were used to pump a dye laser. The excitation process was performed in a vacuum chamber with a background pressure of 10 −6 -10 −5 mbar. For more details, see Biémont et al. (2004) and Xu et al. (2004) .
The levels measured in the present work and the excitation schemes are shown in Table 1 . As mentioned, the ground state of Re II is 5d 5 ( 6 S)6s a 7 S 3 . The z 7 P 0 2,3 levels were directly populated from the ground state through a single-step excitation process; the other five levels were excited from four metastable states belonging to 5d 4 6s 2 , 5d 5 ( 4 D)6s and 5d 6 configurations, respectively. The populations of the metastable states result from the recombination of electrons and ions in the laser-produced plasma and possible cascade decays of high-lying excited states (see, for example, Xu et al. 2003b) . As can be seen in Table 1 , the achievement of the Re II ions in the metastable states makes the lifetime measurements feasible for some high-lying Re II levels by using the excitation light in the UV spectral region; otherwise, the excitation wavelengths for these levels would fall into the vacuum ultraviolet (VUV) range, which is generally technically more complicated (Li et al. 2000) . The laser mode in Table 1 shows different non-linear generation processes used in the experiment. The numbers 2 and 3 designate the second and third harmonics of the radiation from the dye laser. S, 2S and A represent the first-order, second-order Stokes and first-order antiStokes components of the harmonics in a Raman cell filled with H 2 gas (Biémont et al. 2004) .
The last column of Table 1 shows the observed wavelengths, which are different from the excitation channels for all the levels under investigation in order to avoid the scattered light originating from the excitation beam (see further below).
In the measurements, the effects of cascades from excited states on the measured radiative lifetimes could be excluded because the measurements were performed generally with the delay time of 3-7 µs between the ablation and excitation lasers. A 3-µs delay before the measurements is long enough to allow all ions in highlying excited states to decay. This can be confirmed by observing the background without applying the excitation light. No background fluorescence could be observed with the delay time between 3 and 7 µs.
In the measurements, attention has also been paid to several other systematic effects, such as flight-out-of-view effects and quantum beat effects, which can potentially affect the lifetime values. To make sure that the experimental lifetimes were not affected by collisional quenching and radiation trapping, measurements were performed under different plasma conditions, i.e. by varying the density and temperature of the plasma and the ion speed, which can be adjusted by changing the intensity of the ablation pulse, the size of the focused ablation pulse spot and the delay time between the ablation and excitation pulses. Consequently, the intensities of fluorescence signals were varied by a factor of 5, but the lifetime values were found to be constant. This implied that collisional quenching and radiation trapping effects were negligible.
We have also taken into account the quantum beats on the decay curves due to the Zeeman effect. It is well known that a strong magnetic field over the interaction area will change the duration of the Larmor precession of ions. Therefore, the fluorescence decays were recorded in the absence and in the presence of an external magnetic field of about 100 G, which was provided by a pair of Helmholtz coils. In the present experiment, no effects due to quantum beats were observed. Flight-out-of-view effects were also considered during the measurements by adjusting the delay time between the ablation and excitation pulses, which determined the speed of the Re II ions when the distance of the excitation beam and the sample target was fixed (10 mm). With a delay time of 5 µs, the velocities of Re II ions in the interaction area were about 2 km s −1 . For the lifetime of the level at 49 439.3 cm −1 (17.8 ns), it was found desirable to observe the decay signal within 71.4 ns, i.e. four times the lifetime. The ion flight distance was then 0.15 mm along the direction of the ion movement. In the experiment, the entrance slit of the monochromator was chosen between 0.6 and 3 mm. Therefore, the flight-out-of-view effects can be considered to be negligible.
For the level at 49 439.3 cm −1 , the lifetimes were evaluated with exponential fitting processes applied to the decays after the excitation pulse, which gives a lifetime of 17.8 ns. For other levels, the lifetime results were obtained by a deconvolution process, as shown in Fig. 1 . The time-resolved signal is a convolution of a pure exponential curve with the temporal shape of the excitation pulse. In the deconvolution process, it is very important to avoid saturation effects; therefore, the fluorescence signals were detected with different neutral density filters inserted in the exciting light path during the experiment. Another important aspect in the deconvolution process is to avoid the background due to the scattered light of excitation Meggers et al. (1958) . b Wahlgren et al. (1997) . c The four major components are given in per cent. A and B stand for 5d 5 6p and 5d 4 6s6p, respectively. d Henderson et al. (1999) .
beam, which will cause the lifetime values to become smaller. We thus chose the observation channels different from the excitation wavelengths, as shown in Table 1 . Fluorescence signals in the different decay channels, from excited upper levels to possible lower levels, were checked in order to ensure that the Re II transitions of interest were indeed studied. All experimental lifetime results are summarized in Table 2 where they are compared with previous experimental results as well as with the theoretical values calculated in this work (see further below). The error bars of the values in Table 2 were determined from the statistical spread of the different curve recordings.
As can be seen in Table 2 , the lifetime value (4.5 ns) of the z 7 P 0 2 level is in good agreement with the LIF measurement combined with a hollow cathode discharge lamp by Wahlgren et al. (1997) . However, the lifetime values of z 7 P 0 2,3 levels measured in this work are systematically smaller than the results obtained by Henderson et al. (1999) using the beam foil method. As discussed by Henderson et al. (1999) , the measurement of the z 7 P 0 2 level in Re II has larger error bars because the Re II lines might possibly be affected by cascade repopulation.
C A L C U L AT I O N S
The spectroscopic term analysis in Re II due to Meggers et al. (1958) was based on the arc and spark spectra recorded and published 6 yr earlier (Meggers 1952) . Using observed Zeeman patterns for 220 Re II lines, they found 49 even and 85 odd levels that classified 1040 lines and determined the ground state to be 5d 5 (a 6 S)6s a 7 S 3 . A revision of the even parity term analysis was realized by Wyart (1977) who carried out the first parametric study of the low-lying even configurations 5d 5 6s, 5d 4 6s 2 and 5d 6 . The levels at 22 031, 23 381, 27 627, 32 206 and 36 993 cm −1 were excluded from the least-squares fitting procedure. The first three levels were considered as determined from accidental coincidences and the last two were assigned wrong J quantum numbers. Wyart proposed a new level at 20 781.5 cm −1 with J = 6. No additional revision of the interpretation of the Re II spectrum has been attempted to our knowledge since then.
The measurement of the hyperfine structure and isotope shifts of the three resonance transitions a 7 S 3 -z 7 P 0 2,3,4 was carried out by Wahlgren et al. (1997) .
In the present calculations, we used the pseudo-relativistic Hartree-Fock (hereafter HFR) method of Cowan (1981) to determine theoretical values of the radiative lifetimes measured here. For such a heavy element (Z = 75), both core-valence and valence- valence correlations have to be taken into account alongside relativity.
In order to do so, the core-valence correlations have been modelled using a core-polarization potential and a correction to the electric dipole transition operator, as described in detail in our earlier studies (see, for example, Quinet et al. 1999) . A 4f 14 erbium-like ionic core surrounded by six valence electrons has been chosen. As the dipole polarizability was not tabulated in Fraga, Karwowski & Saxena (1976) , a value of 2.58 a 0 3 has been extrapolated along the isoelectronic sequence, as shown in Fig. 2 . The HFR value for the mean radius of the outermost core orbital, i.e. 5p, has been used for the cut-off radius. Concerning the valence-valence correlations, we considered explicitly the interactions between the following configurations: 5d 5 ns, 5d 4 6sns, 5d 6 , 5d 5 6d, 5d 4 6s6d, 5d 3 6s 2 6d, 5d 4 6p 2 and 5d 3 6s6p 2 with n = 6-8 for the even parity; 5d 5 np, 5d 4 6snp and 5d 3 6s 2 6p with n = 6-8 for the odd parity. A 0.8 scaling factor has been applied to the Slater integrals according to a well-established practice (see, for example, Biémont et al. 2002 Biémont et al. , 2003 Xu et al. 2003a,b,c,d ) in order to consider the effect of far-interacting configurations non-explicitly included.
The radial parameters representing the electrostatic and spin-orbit interactions within and between the configurations 5d 5 6s, 5d 4 6s 2 , 5d 6 , 5d 5 6p and 5d 4 6s6p have been adjusted so as to improve the agreement between the eigenvalues and the available experimental energy levels (Meggers et al. 1958; Wyart 1977 ; Wahlgren et al. Meggers et al. (1958) . Landé factors in parentheses are mean values from resolved Zeeman patterns adopted to compute the other g values from unresolved patterns (Meggers et al. 1958) . b Wahlgren et al. (1997 (Cowan 1981) . g Corliss & Bozman (1962) . h Line intensities in the arc spectra of Meggers et al. (1975) . i Line intensities in the spark spectra of Meggers (1952) and Meggers et al. (1958) . s denotes sum of two contributions, and b? a possible blend. j Estimated using the λλ2275.25,3379.06 line ratio measured by Wahlgren et al. (1997). 1997) using the least-squares fit procedure implemented in the RCE program (Cowan 1981) . 44 even-parity and 55 odd-parity experimental levels have been included in the fitting process. The standard deviations were 135 and 192 cm −1 for the even and odd parities, respectively. We have excluded from the fit the same five even levels as in Wyart (1977) Meggers et al. (1958) , is determined by only three weak coincidences among which two are doubly classified lines. The closest theoretical odd level with J = 0 is predicted at 55 742 cm −1 , which seems too far compared to the standard deviation. Regarding the three J = 3 levels at 64 966, 68 354 and 69 302 cm −1 and the J = 5 level at 66 536 cm −1 , there are no more eigenvalues left in our respective energy matrices that can correspond to them. Moreover, they are all determined with less than eight weak lines. Eight coincidences can be considered as a threshold below which they could be statistically accidental, as explained in detail in Meggers et al. (1958) .
In Table 2 , we compare our calculated lifetimes with our experimental values and with the LIF measurements of Wahlgren et al. (1997) and Henderson et al. (1999 Meggers et al. (1958) , but in accord with those given in the tables of Moore (1958) . Concerning the other levels, they have all major components with less than 35 per cent rendering any LS-designation attempt highly hazardous. Concerning the radiative lifetimes, our calculations agree with our measurements within 20 per cent if we put aside the last two levels at 57 050 and 57 138 cm −1 for which there is a 40 per cent disagreement. Regarding these last two levels, it can be noticed that the four major components describe less than 50 per cent of the atomic states. In fact, their calculated lifetimes were found to be very sensitive to the fitting procedure in comparison to the others. The lifetime measured by Henderson et al. (1999) for the level at 45 147 cm −1 seems too long according to our experiment and to our calculations. Table 3 shows the weighted transition probabilities (gA), branching fractions (BF), observed arc (Meggers, Corliss & Scribner 1975) and spark intensities (Meggers 1952; Meggers et al. 1958) and Landé factors (g) for the strongest lines depopulating the seven odd-parity levels reported in Table 2 . The calculated gA values presented here have been obtained by combining our measured lifetimes with our calculated BF values. Most of the decay channels of the levels at 57 050 and 57 138 cm −1 have their line strengths affected by strong cancellation effects (Cowan 1981) . This explains in part the sensitivity of the calculated lifetimes to the fitting process.
The comparison of our calculated gA values with the observed arc and spark intensities displays a fair agreement in terms of their relative values. Important disagreements in absolute and, in some instances, in relative values are found when we compare them with the transition probabilities determined by Corliss & Bozman (1962) . The experimental BF values of Wahlgren et al. (1997) are in significant discord with our calculations. For such strong transitions, self-absorption can be an issue, making the resonance line appear weaker with respect to the other decay channels. However, Wahlgren et al. (1997) reduced the direct current in their hollow cathode discharge so that the measured branching ratios became constant, and therefore made sure that their plasma was optically thin. Nevertheless, it can be noticed that the arc intensities of Meggers et al. (1975) seem to favour our calculated BF values. A comparison between the calculated and experimental Landé factors, as determined for each Zeeman pattern by Meggers et al. (1958) , is also reported in this table. An excellent accord is found if we except the case of the decay channels of the level at 57 050 cm −1 .
C O N C L U S I O N S
The present work extends the set of transition probabilities available in Re II. The combination of experimental radiative lifetimes measured by LIF, with calculated branching fractions obtained using a HFR approach in which core-polarization effects are included, has appeared useful for providing f values for 45 UV and visible transitions. This procedure has allowed us to take into account some strong depopulation branches appearing in the far-UV region whose intensities cannot be measured directly in the laboratory. It is anticipated that these new data will help astrophysicists in the future to refine the investigation of the chemical composition of some stars when high-resolution spectra become available in these spectral regions.
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